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The vertical path atmospheric transmission at selected 002
laser transitions have been reported for ground-based (ref. 1 to 3)
and airborne (ref. 4) infrared heterodyne radiometers. Ground-based
IHR measurements at HF and DF laser transitions have also been

reported (ref. 5). An IHR has been developed and tested which is

SECTION I
INTRODUCTION
The objective of this program was the design, development
and construction of a gain modulated, Dicke switched Infrared Hetero-
dyne Radiometer (IHR) which is suitable for the measurement of the
atmospheric absorption characteristics at the hydrogen fluoride
(HF) laser wavelengths.
designed for use as an airborne platform and is capable of measur- ‘
ing received solar radiation within a 200 MHz bandwidth about
selected HF laser transitions.
The solar flux will be measured at several laser wavelengths -
between 2.7 and 3.1 microns using the IHR. These data will then be
used to derive the absorption coefficients at various altitudes in
the atmosphere for each of these laser wavelengths. During the
development of the IHR, consideration was also given to the feasi-
bility of airborne operation with the DF and the CO lasers at 3.8
and 5.0 um, respectively.
The IHR optical package (figure 1) has been designed'for
remote operation because of the limited instrument accessibility 1

:
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which is available when the instrument is mounted in a KC-135

military aircraft, A ruggedized cryogenic dewar, an RFI inter-
connection network, a remotely controlled calibration network
and a processing radiometer with an analog/digital output has

been incorporated into the IHR.
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SECTION II

INFRARED HETERODYNE RADIOMETERS

General: A Dicke-switched IHR using IF gain modulation was designed,
developed and fabricated. The IHR package includes: (1) a photo-
voltaic InSb infrared mixer element, (2) a diffraction limited
infrared collection system, (3) an infrared Dicke switch, (4) a
calibration subsystem which uses a 1900 K blackbody source, and

(5) a radiometric processing back-end.

Using the IHR, high resolution infrared radiometric measure-
ments can be carried out that are unachievable using conventional
direct detection techniques. The predetection electronic (IF)
bandwidth of 100 MHz establishes the instantaneous infrared band-
width of the IHR (6.7 x 1077 cm'l) and still finer spectral resolu-
tion 1s achievable by using narrower IF filters.* The IHR spectral
resolution is two to three orders of magnitude finer than is pres-
ently obtainable with conventional spectroscopic techniques and
permits evaluation of fine grain structure of thermal emission-
absorption spectra. 1In addition, infrared vibration-rotation
signature lines which overlap the laser local oscillator transi-
tion can be remotely examined.

The basic arrangement of the IHR instrument, shown in figure 2,
includes optics for the collection of solar radiation, a Dicke switch,

optical elements for relaying the infrared radiati-~ to a photomixer,

*¥The LHR specificity will be ultimately limited by the frequency
stability of the laser LO.
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Figure 2. Block Diagram of Infrared Heterodyne Radiometer
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IF amplification stages, IF filtering to fix the IHR bandwidth, a
square law detector, a video amplifier, a synchronous detector,
and integrator.

The MR front end (figure 3) consists of an objective lens
which focuses the incident radiation, or calibration source, to a
plane where 1t can be alternately blocked and unblocked at a preset
frequency (Dicke switched) by a motor driven chopper wheel. The
radiation passing through the chopper is collected and refocused
onto the photomixer by a second lens element. The laser local
oscillator is introduced into the photomixer by a small injection
mirror located between the relay lens and the photomixer. The
source energy within the IF passband, located on both sides of

the local oscillator frequency, mixes with the local oscillator

energy to form a band limited QIF) signal which is then amplified
and processed by the IF preamplifier and electronic back-end (ref. 1).
The optical Dicke switch, located at the focal point of the
objective lens, is a 3-inch diameter aluminum wheel with 20 equally
spaced slots of equal width such that the duty cycle is 50 percent.
The position of the Dicke switch is electronically monitored by an

optical coupling device. The Dicke switch positional information

is relayed to the electronics console in the form of synchronizing
pulses so that synchronous detection can be performed in step with
the Dicke switch position.

ine IHR front end package also includes a calibration

subassembly which consists of a 1900 X blackbody* and associated

*Since the unattenuated solar femperature is approximately 5750K
(ref. 6), the use of a 1900 K calibration blackbody rather than
a lower temperature source will permit improved IHR resolution.
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optics. The configuration of the radiometer allows the operator
to replace the collimiated input beam with a matched beam from the
1900 K blackbody as an ambient temperature source.

The electronics package includes the Heterodyne Radiometer
Controller which supplies: (a) power to all the motorized components,
(b) #15 volts to the preamplifier, postamplifier and synchronous
detection circuitry, and (c) the reverse bias voltage for the
photomixer (figure 4).

The Universal Model 777 Radlometer Processor (figure 5)
provides the electronic processing for the IHR. The processor
outputs are simultaneously available in decimal (LED), binary,
and analog formats.

The Temperature Controller (figure 6) supplies the power
and control signal to maintain a specified calibration blackbody

temperature.

InSb Photomixer: The photomixer employed in the IHR is a photo-

voltaic Indium Antimonide (InSb) detector with an active area of
approximately 1.5 x lO'u cma. The measured I-V characteristic is
shown in figure 7. The current variation with voltage is shown
with and without local oscillator radiation applied to the diode.

It is observed from the I-V curve that the reverse shunt resistance
for InSb detectors is of the order of megohms. This feature results
in (a) low values of photomixer dark current, and (b) the require-

ment for an IF preamplifier which operates from a relatively large

source impedance.

10




AFWL-TR-77-66

rre—
LU 43| [043U0) 4333WOLPRY BUAPOUDIBH “p D4Nb1L4
) * B « “
Y105 o b
- ) e ,
5 1sarov svin 8 . -
s S
o e M | ket 1ol
: . via L
5 o .
o ¥3T104IN0) ¥ILINOIOYY INAQO¥3LIH B ==V




JLUMN 4933WOLPRY |BSUBALUN TIY G d4nbL4

+ * * %y svitauds (% «
o w.o 30
. f§ 8
L 37 L 1]
ey wOILTIOS3N 1omve 2 R i -
]
\ 13437
G L ]
BTiii NMOA BEYIRL BNDT WEYL RO R
= k......l......__< L7 TIQOW ¥3LIWOIAVE TYSHIAINA

AFWL-TR-77-66




JLUN 43| [043U0) dunjedadws] 9 dunbiy

13

AFWL-TR-77-66




5 AFWL-TR-77-66

-
Tu377 K
ik N
CURVE
A - L0 OFF
0.8 p=
B - L0 ON
L
= 04
=
=
: u
= A
d
E-0.4}
3
B
=0.8 =
| ] )| 1 | |

.2 =0.8 =0.4 0 0.4
BIAS VOLTAGE IN VOLTS

Figure 7. Measured Current-Voltage
Characteristics of InSb
Photodiode




Frequency response measurements were carried out for the InSb
photomixer, preamplifier and postamplifier combination. The measure-
ment results are represented by a plot of the normalized heterodyne
recelver response as a function of the IF frequency and is shown in
figure 8 (ref. 7). It can be seen that the response of the system
is down by 3 dB from its peak at a frequency of 50 MHz, for a reverse
bias voltage of 600 mV, and increases to 60 MHz when the reverse bias
is increased to 800 mWw.

The above measurements were performed for the case of the

photomixer operating at 77 K.

IHR Performance Characteristics: The IHR exhibits the following

system characteristics:

Wavelength 2.7 to 3.3 um

Gain modulated, Dicke-switched
heterodyne receiver

Receiver Type

Receiver Field of View 2 mrad

Detector Sensitivity, NEP B X 10°1° W/Hz

Dicke Switch Rate 500 to 2000 Hz, selectable

IF Bandwidth 50 or 100 MHz, selectable

Integration Time gy 0.5, 1, 7, or 10 seconds,
selectable

Reference Temperature

Calibration Temperature

Blackbody Calibration Accuracy

15

Ambient temperature

1000 to 1900 K, or ambient
temperature

+ 1 percent
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Blackbody Calibration Stability + 0.25 percent
(long term)

Blackbddy Calibration Stability + 0.05 percent
(short term)

IHR Temperature Resolution Accuracy: The IHR temperature resolution

ATS is defined as the maximum change in source temperature for which
no change in output signal-to-noise ratio is observable. The tempera-
ture resolution of thé:IHR is given (ref. 1) by:

2 2 3
%xp(hv/kTs) -11\ . NEP(f)df
. v — +
S n v2 a exp(hv/kTs) VBt k[exp(hv/kTs)—l] v kB
2

(1)

where:

a = transmittance of the media and optics between thermal
source and infrared photomixer

K = sensitivity constant = 2 for Dicke-type receiver

T. = source temperature
B = predetection bandwidth
T = postdetection integration time for a pure integrator

v = infrared frequency

=
]
el
[

sensitivity of heterodyne receiver
k = Boltzmann's constant
h = Planck's constant

f = IF frequency

The receiver sensitivity (NEP) for a heterodyne receiver having

a photovoltaic photomixer is given (ref. 7) by:

17




f

2
NEP f NEP(f)df (2)
By
where:
e . (Th+T'IF) 2
NEP(f) -——ﬁ l+2K———q—TO—GD 1 + (f/fc)
and: N = photomixer quantum efficiency
Tm = photomixer temperature

B 7 effective input noise temperature of the IF amplifier
GD= reverse shunt conductance of the photomixer
I = LO induced photocurrent

f = 3-dB cutoff frequency of the photomixer

! The temperature resolution of the IHR is affected by optic‘

losses, spherical aberration, coma, astigmatism, lens emissivity,
lens temperature, amplitude fluctuations which occur faster than

the Dicke switch rate, and the obscuration due to the LO injection

mirror.

The calculated temperature resolution accuracy, ATS/TS, (55
a gain modulated Dicke-switched IHR is given in figure 9 for A = 3
um, 3t = 5 x 107, and a heterodyne receiver NEP of 1.3 x 10 1% w/Hz
with the transmittance, o, as a parameter. For a source temperature
of 2000 K and a total transmittance of a = 10 percent, the calculated
temperature resolution accuracy is ATs/Ts = 6 x 10’2, while for
a = 100 percent the resolution accuracy improves to ATS/’I‘s = 6 x 10°2,
For the solar viewing case (Ts ~ 5750 K) and a = 0.25, the calculated

temperature resolution accuracy is AT;/TE = 9 x 10'5.

18
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Use of Gain Modulation: Since the IHR uses an ambient temperature

reference, direct null-balanced radiometer operation is not possible
when observing hot sources such as the sun. The method employed to
resolve these hot sources is the utilization of IF gain modulation
(ref. 1). Essentially, the gain modulation circuitry alters the
system gain at IF during alternate phases of the Dicke switch,
thereby adjusting that portion of the IF signal which represents
the reference thermal energy and enabling IHR null-balanced opera-
tion for source temperatures which are much in excess of the refer-
ence temperature. The method of achieving gain modulation is to
electronically switch a fixed attenuator into the high signal path.
The IHR temperature resolution with gain modulation is identical to
that obtained when the IHR is null-balanced by means of a reference

temperature which is equal to the source temperature. Therefore,

no degradation in IHR performance is experienced because of the

gain modulation.

Expected Measurement Performance: The sol .~ radiation, P(v), collected

at the IHR is the product of the incident unattenuated solar radiation,
PO, and an exponential attenuation term due to the intervening atmos-

oheric losses. Therefore
P(v) = P, exp (-ka(v) hsec 9) (3)

where ka(v) is the atmospheric attenuation coefficient at the selected
laser L0 frequency, h is the vertical height of the atmosphere, 5 is

the zenith angle of the sun and hsec © is the path length of the

20




sunlight through the atmosphere. The IHR output voltage is propor-
tional to the collected source energy. The slope of the logarithm
of P(v) plotted against sec 6 is -k, (v) h and exp (-k,(v) h) is the
total vertical path transmission, a (ref. 1 and 2).

The vertical path atmospheric transmission can be determined
by tracking the sun as it traverses the daytime sky from a ground-
based or airborne IHR. The measurements can be carried out at
different laser local oscillator frequencies, and/or different
altitudes.

When observing an extended thermal source of temperature
(TS) which fills the IHR field-of-view, the postdetection signal-
to-noise ratio is given (ref. 1) by:

7 g (Br)Y/2

‘ (%)
ePV/ELy 4

SNR =

where B is the IF bandwidth, t is the postdetection integration
time of an ideal integrator, and k is Boltzmann's constant.

Using equation (3),

o= % % (5)

where Y is a constant for a fixed set of measurement parameters.

Differentiating a with respect to S

da = %_ as (6)

The minimum detectable signal change occurs when dS = N, therefore

the accuracy of the measurement of atmospheric transmission is given

by:

21




- e (7)
For a typical solar observation, Ts = 5000 K, B = 100 MHz,
T =10 sec, and N' = 0.2, a total atmospheric transmission of
a = 0.5 from 30 km to sea level during midlatitude summer at
AN = 3, the calculated SNR of a ground-based IHR observing the

solar disk at zenith it calculated (equation 4) to be

SNR =~ 2000 (8)

The expected accuracy of equation (8) of the measurement is:

da N ~ -4 ~
= g=5z 10 = 0.05 percent

Calculations have been carried out to determine the expected
transmission values at various altitudes for a number of HF laser
lines. The calculations for midlatitude winter model (with no
aerosol present) are given in Table 1 (ref. 8). The atmospheric
transmissions are given for 3 HF lines; the 2.854 ym transition
which 1s the most strongly absorbed in the atmosphere, the 2.957 um
transition which is the least absorbed in the atmosvhere, and the
2.870 um transition which exhibits an intermediate value of atmos-
pheric absorption. The transmission values have been calculated
for the optical path between *the edge of the atmosphere and the
selected aircraft altitude witn the solar viewing angle at a
variable parameter,.

Calculations were also carried out to determine the obtain-
able IHR power resolution. The resolution is a function of: (1) the

effective system quantum efficiency (n'), and (2) the effective source

22
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Table 1.
Atmospheric Transmission of HF lLaser
Midlatitude Winter - No Aerosol
(6 = Sun's Angle from Zenith)
Laser
Line
Altitude Transmission Transmission | Transmission | Transmission | (um)
(km) e = 80° e = 709 6 = 600 9 = 50°
10 .9225 .9599 9724 .9785 T
.8886 .9418 .9598 .9686 2.854
(max
.8128 .9001 .9305 .9455 abs)
7 6478 .8022 .8600 .8893
6 . 3466 .5839 .6921 L7511
10 .9996 .9998 -9999 ~9099 ?
.9993 .9996 .9998 9598 2.957
(min
9986 <9993 9995 9996 abs)
3 .9965 .9982 .9988 .9991
6 9907 <9952 .9967 .9975
10 .9552 9770 .98u2 9877 +
.9348 . 9664 .9769 .9820
.8984 9471 .9635 9717 2.870
7 .8241 .9064 .9350 .9u01
6 .6791 .8216 8742 .9007
v




(calibration) blackbody temperature, and (3) the Bt product. The
smallest calculated change in irradiance which can be measured for
a given input radiance is given in Table 2. The system quantum

efficiency depends on both the quantum efficiency of the infrared

photomixer and the degradation introduced by the front end optical
configuration. The PV:InSb photomixer used in the IHR has an effec-
tive quantum efficlency of approximately 75 percent. The IHR system
loss factor of approximately 3 dB is due to both optic and mixing
inefficiency. This yields a system quantum efficiency of 37 percent.
As seen from Table 1, the use of a 1900 K blackbody calibration source
will yield a resolution between 3 and 4 parts per 1000 as compared to
10 to 13 parts per 1000 for a 1300 K source temperature (this resolu-
tion is based on the instrument rms noise).

In comparing the IHR resolution capability with the expected
values of transmission (Table 1) it can be seen that most of the HF
laser lines can be accurately investigated in the altitude region of
interest with the exception of the weakest line at 2.957 and 2.964
microns if a 1900 K blackbody is employed. The measurements of the
weaker lines appear to be limited to altitudes below 7 kilometers.

Table 2
Calculated IHR System Resolution
IHR System Resolution

System Quantum

Efficiency Blackbody Temp = 1300 K Blackbody Temp = 1900 K
0.1 0.0328 0.011
0.2 0.019 0.0055
(0 555 0. QL3 0.0037
0.4 0.0098 0.0028
0.5 0.0078 0.0022
24




A 1200 K blackbody calibration source is emplcyed in the

IHR to provide improved accuracy and to insure that a calibration

reference 1s available above (T, = 1900 K) and below (Tc = 290 K)

the apparent solar temperature at the IHR.

Conclusions: An infrared heterodyne radiometer has been designed,

developed and fabricated for high performance operational capabilities
from an airborne platform. The extremely narrow bandwidth (0.0033 em”
IHR developed on this contract is an unusual combination of optical,
infrared and radio frequency technology.
The instrument has a number of key features which make it
particularly advantageous for aircraft applications. These are:
1. Compact packaging of components
2. Ruggedized optical and mechanical mounting
3. High frequency chopping rate (up to 2000 Hz)
which reduces the effects of external noise
sources
4., Electromagnetic interference suppression
filtering
5. Remote control for switching from signal to
calibration mode
6. Remote control - selectable calibration source

(300 or 1900 K)

-

Variable attenuation mechanism for control of

LO power

25
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During the design and development of the equipment package,
consideration was also given to the system modification requirements
for operation at other wavelengths. Although the IHR is presently
being used for solar and atmospheric transmission measurements,
there are a number of other potential applications for this unique
instrument. The infrared spectrum is rich in spectral absorption
(emission) phenomena which are signatures of a multitude of elements
and compounds. The narrow bandwidth IHR offers the potential of
spectral overlap with selected signature lines to permit the remote

detection and monitoring of various atmospheric constituents.
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